Abstract-For the high frequency application in mobile communication technology, the operating frequency is over 3 GHz, hence the ferromagnetic resonance frequency (f res ) of magnetic films must be over 3 GHz. In this study, FeCoHfO alloy is chosen as a promising material system for this application. Inserting an insulator (e.g., AlO x ) layer into ferromagnetic layers is a good way to enhance the resistivity and therefore to reduce the eddy current loss. A significant reduction of hard axis anisotropic field was observed when the number of multilayer reached five. With this optimum condition of [FeCoHfO (400 nm)/AlO x (10 nm)] 3 , favorable magnetic properties (effective anisotropy field of 110 Oe), high frequency characteristics (permeability ∼ 100 at 100 MHz and ferromagnetic resonance frequency over 3 GHz) and high electrical resistivity ρ ∼ 1074 µΩcm were obtained.
INTRODUCTION
Soft magnetic thin films with high magnetic moments have been studied intensively because they are of significance both in micromagnetic devices and high-frequency applications, such as planar inductors and transformers used in integrated circuits, which also require the high ferromagnetic resonance frequency (f FMR ) [1] . Magnetic thin films can not only be utilized to fabricate microinductors but also to enhance the inductance of magnetic inductors. The magnetic thin films provide favorable alternatives in reduction of the device dimensions and in the development of electromagnetic high frequency devices [2] . According to the Kittel's equation, the magnetic resonance frequency is defined as
where f FMR is ferromagnetic resonance frequency, M S is saturation magnetization, µ 0 is the initial permeability, γ is the gyromagnetic factor, and the anisotropy field is defined as
The appropriate H K , and M S should be as high as possible [3] [4] [5] to increase the ferromagnetic resonance frequency. The magnetic thin films applied in high-frequency inductors are supposed to have high M S , low coercive field (H C ), and appropriate in-plane uniaxial anisotropy (H K ) to increase ferromagnetic resonance frequency (f FMR ) and permeability (µ ). Meanwhile, high resistivity (ρ) is necessary to decrease eddy current loss in high frequency range. Nanocomposite oxygen-based soft magnetic films, FeCo-X-O (X = Hf, Zr, Al, etc.) show excellent soft magnetic properties [6, 7] . However, uniaxial anisotropy of these films should be improved further for high-frequency applications.
In this work, the multilayered film technique laminating the magnetic layers with non-magnetic oxide spacers is exploited to achieve appropriate uniaxial anisotropy field in FeCoHfO, aiming to obtain good soft magnetic properties for application in high-frequency inductors. The effects of the stacking levels on the microstructure, tensile stress, electrical resistivity and domain structures have been investigated, and their relationships between the magnetic and high frequency characteristics were discussed.
EXPERIMENTAL
The FeCoHfO/AlO x multilayer films were deposited on Si (100) substrates by dc reactive magnetron co-sputtering with Ar + O 2 gases in a working pressure 1 × 10 −3 Torr. The power of the Fe 7 Co 3 , Hf and Al targets was 200, 50 and 50 W, respectively. The multilayered structure was the FeCoHfO ferromagnetic layer with total thickness of 1.2 µm separated by AlO x interlayers with 10 nm in thickness. The t/d ratio refers to the thickness ratio of the AlO x (t = 10 nm) spacer to singlelayered FeCoHfO (d). The samples were named as M x, where the x refers to the number of the ferromagnetic layers in one film. For example, M 3 refers to the multilayer film composed of three ferromagnetic layers. The as-deposited FeCoHfO/AlO x multilayer films were annealed at 300 • C for 3 hours along hard axis in presence of a magnetic field of 2 kOe. Magnetic properties were measured with a vibrating sample magnetometer (VSM), and the permeability was evaluated using PMF-3000 permeameter with a maximum frequency of 3 GHz. A high-resolution transmission electron microscope (HRTEM, JEOL-3000F, Japan) was employed to investigate the detailed microstructure of the multilayer films. The magnetic domain structure was observed by magnetic force microscope (MFM). The residual stress was measured using the scanning laser curvature method.
RESULTS AND DISCUSSION
Figure 1(a) shows the change of H K and MFM images with stacking levels in FeCoHfO/AlO x multilayer films. The anisotropic field is reduced with the number of stacking layers. When the stacking level increases from one to three layers, the H K obviously decreased. When magnetic thin films exhibit a perpendicular anisotropic field, the stripe domains are observed. Fig. 1(a) shows a stripe domain for the sample M 1 where bright-to-dark contrast came from the magnetization canted up or down out of the film plane, demonstrating the presence of perpendicular anisotropy. Therefore, the sample M 1 has a large value of the anisotropic field. However, typical characteristics of in-plane anisotropy were observed in samples M 3-M 5. The stripe domain was eliminated, and the non-contrasted MFM image was observed. Hence, samples M 3-M 5 had the smaller values of the anisotropic field. The effective anisotropy field of sample M 3 was 110 Oe. If the stripe domain exists in thin film, it will affect the limiting value of in-plane microwave permeability due to the influence of the dynamic demagnetizing fields at the domain walls [8] , and therefore the permeability is relatively lower than the film without stripe domain.
The bright-field HRTEM images and corresponding electronic diffraction pattern indicating samples of M 1 and M 3 are shown in Figs. 1(b)-1(c) . There are several sharper rings, assigned as (110), (200), (211) and (220) planes of bcc FeCo. The average grain size of FeCo grains is 2-5 nm. In addition, one hazy and broad ring comes from amorphous HfO 2 .
As discussed before, the anisotropic filed is reduced with the increase of the number of stacking layers (see Fig. 1(a) ). The anisotropic field is influenced by magnetocrystalline anisotropy and magneto-elastic anisotropy. According to random anisotropy theory [9] , the effective magnetic anisotropy ( K ) is expressed as:
where K 1 is the magnetic crystalline anisotropy constant, D is grain size, and L ex is the exchange length. For very small grains, the ferromagnetic exchange interaction forces the magnetic moments to align parallel to each other. Thus, the effective anisotropy will be an average over several grains and will be reduced in magnitude [10] . When the grain size D is smaller than the exchange length L ex , the effective anisotropy provided from magnetocrystalline anisotropy is very small value ( K ) ( by Eq. (2)). From TEM analysis, the average grain size of the FeCoHfO film (D FeCo ) is 2-5 nm (see Figs. 1(b)-1(c) ). The exchange length of FeCo phase (L ex-FeCo ) is about 32 nm [11] . The magnetocrystalline anisotropy of the investigated multilayer films was calculated to be a very small value around 0.61 kJ/m 3 . In this case, magneto-elastic anisotropy plays an important role in magnetic anisotropy. The magneto-elastic anisotropy can be described as follows [12] ,
where λ S is the saturation magentostriction, and σ is the stress. It is revealed that the stress is reduced with the increase of the number of stacking layers (see Fig. 2 ). With the variation of the stacking levels, the anisotropic field and stress exhibit a similar trend, which strongly indicates that the inner stress is associated with the magnetic anisotropy in the FeCoHfO/AlO x multilayer films. The eddy current loss is one of the main dissipation factors. The resistivity of the FeCoHfO/AlO x multilayer films increases with the stacking levels (see Fig. 2 ). The resistivity is significantly dependent on the microstructure [13] . When the amorphous insulator (AlO x ) layer is inserted into the crystalline FeCoHfO films, the transport electrons are scattered by the amorphous region, giving rise to an enhancement of resistivity. With respect to µ of samples M 1-M 5 (see Fig. 3(a) ), the stripe domain was observed in samples M 1, and therefore the permeability of M 1 is expected to be relatively lower than those of M 3 and M 5.
The increasing permeability (µ ) with the stacking layers can be attributed to the enhancement of resisitivity and reduction of anisotropy field. Fig. 3(b) shows the imaginary part of complex permeability (µ ) for FeCoHfO/AlO x multilayer films with various stacking levels. When the stacking level increases from three to five layers, the H K is slightly decreased (see Fig. 1(a) ). Hence the sample M 3 exhibited ferromagnetic resonance frequency larger than 3 GHz. The ferromagnetic resonance frequency of sample M 5 with only 2.8 GHz was lower than that of sample M 3.
In summary, the sample M 3 exhibited excellent high frequency and electrical resistivity proper-ties. The resistivity of sample M 3 was over 1000 µΩcm. The permeability (µ ) of sample M 3 was around 100 at 100 MHz, and the ferromagnetic resonance frequency exceeded 3 GHz.
CONCLUSIONS
Soft magnetic FeCoHfO/AlO x multilayered films with favorable high frequency magnetic properties were successfully deposited by dc sputtering. A significant reduction of effective uniaxial anisotropic field was observed when the number of layers reached five. The influence of stacking levels on the microstructure, stress, magnetic and electrical properties and high-frequency characteristics was investigated. The multilayer structures reduce the stress in the FeCoHfO/AlO x samples, and the decreasing stress leads to the lower anisotropic field. The suitable anisotropic field obviously enhances the ferromagnetic resonance frequency in FeCoHfO thin films. The ferromagnetic resonance frequency of sample M 3 is enhanced in excess of 3 GHz, with permeability around 100 at 100 MHz and high electrical resistivity ρ ∼ 1074 µΩcm. It is demonstrated that the FeCoHfO/AlO x multilayered structure possesses potential application in high-frequency electromagnetic devices.
